Within the developing vertebrate head, the migration of neural tube-derived neural crest cells (NCCs) through the cranial mesenchyme is patterned into three streams, with mesenchyme adjacent to rhombomeres (r)3 and r5 maintained NCC-free. The receptor tyrosine kinase erbB4 is expressed within r3 and r5 and is required to maintain the r3-adjacent NCC-free zone in mouse embryos. In this study, we demonstrate that the extent of r3 involvement in patterning mouse NCC migration is restricted to the same dorsolateral region regulated by erbB4. In chick embryos, we show that erbB4 signaling similarly maintains the r3-adjacent NCC-free zone. However, although r5 expresses erbB4, this is insufficient to maintain the r3-adjacent NCC-free zone in grafting experiments where r5 replaced r3, indicating that erbB4 requires additional factors at the A -P level of r3 to pattern NCC migration. Furthermore, we show that the r5-adjacent NCC-free zone is maintained independently of r5, but requires surface ectoderm. Finally, we demonstrate that avian cranial surface ectoderm is patterned molecularly, with dorsolateral surface ectoderm at the levels of r2/3 and r7 expressing the sulfatase QSulf1 in quail, or the orthologue CSulf1 in chick. Aberrant NCC migration into r3-adjacent mesenchyme correlated with more focused QSulf1 expression in r2/3 surface ectoderm. D
Introduction
Cranial neural crest cells (NCC) are neuroepithelialderived multipotent migratory cells that contribute to the neural and cartilaginous structures of the head and neck (Le Douarin, 1982) . The migration of NCC through the cranial mesenchyme is strikingly orchestrated and is patterned from the outset into three segregated streams of cells (Lumsden et al., 1991) . Thus, although NCCs are produced all along the dorsal A -P axis of the hindbrain, it is only from rhombomeres (r)1 + 2, r4, and r6 that NCC emigrates into the adjacent cranial mesenchyme (Kulesa and Fraser, 1998; Sechrist et al., 1993) . This initial segregation of NCC into three streams remains strictly maintained as the NCC migrate through the anatomically unsegmented mesenchyme, indicating that patterning cues must be present to prevent NCC straying into mesenchyme adjacent to r3 and r5 (Farlie et al., 1999) . However, the tissue origins and molecular components of these patterning cues is only beginning to be elucidated (Farlie et al., 1999; Golding et al., 2000 Golding et al., , 2002 Trainor and Krumlauf, 2000; Trainor et al., 2002) .
Previously, we demonstrated that the segregation of the r2 NCC and r4 NCC streams is maintained, in part, by repulsive cues regulated by r3 neuroepithelium and r3 surface ectoderm (Golding et al., 2000 (Golding et al., , 2002 . Thus, removing either of these tissues in chick embryos results in the aberrant rostral migration of some r4-derived NCC into dorsolateral mesenchyme adjacent to the removed r3, leading to the formation of an ectopic cranial nerve (Golding et al., 2002) . Conversely, grafting of r3 into r6 induces an NCC-free zone in the adjacent host mesenchyme (Kuratani and Eichele, 1993) . The molecular mechanisms regulating NCC repulsive cues within r3 mesenchyme in chick remain unknown, but in the mouse, they have been shown to depend on the activity of the receptor tyrosine kinase erbB4 (for a review of erbB4 function in the nervous system, see Buonanno and Fischbach, 2001) ; mouse embryos lacking erbB4 show similar misrouted r4-derived NCC and ectopic cranial nerve phenotypes to those seen in r3 ablated chick embryos (Gassmann et al., 1995; Golding et al., 2000) . During the period of NCC migration, erbB4 is expressed within r3 and r5 in mouse (Gassmann et al., 1995; Golding et al., 2000) and within r1, r3, and r5 in chick (Dixon and Lumsden, 1999) , raising the possibility that in addition to maintaining the NCC-free zone in r3-adjacent mesenchyme, erbB4 might also maintain the NCC-free zone in r5-adjacent mesenchyme. However, aberrant migration of NCC into r5 mesenchyme is not seen in erbB4 knockout mice (Golding et al., 2000) , suggesting that predominantly erbB4-independent cues maintain r5 mesenchyme NCC-free. This NCCbarrier function might be provided physically and/or molecularly by the otic vesicle, which forms adjacent to r5/r6. However, this seems unlikely, since in Hoxa1-deficient mice r5 is missing and the otic vesicle instead forms adjacent to r4, but nevertheless r4-NCC successfully migrate between the neuroepithelium and otic vesicle to enter the second branchial arch (Barrow et al., 2000) . Furthermore, one report actually demonstrates a chemoattractive effect of ectopic otic vesicles on NCC migration (Sechrist et al., 1994) . In the present study, we demonstrate that the rhombomeric context in which erbB4 is expressed has a crucial bearing on its ability to pattern NCC migration. Although both r3 and r5 express erbB4, r5 cannot substitute for the NCC patterning influence of r3, suggesting that some r3-specific co-factor or cytoarchitectural feature are a required component of the erbB4-dependent NCC patterning mechanism. Moreover, we show that the r5-adjacent NCC-free zone is maintained independently of r5 neuroepithelium, but depends instead on the surface ectoderm overlying r5, adding to growing evidence that surface ectoderm is crucially important for patterning cranial NCC migration (Golding et al., 2002) .
Materials and methods

Generation of transgenic mice expressing GFP in r3 and r5
Stable transgenic lines were generated by microinjection of fertilized mouse eggs with a construct in which the r3/r5 enhancer of the EphA4 gene drives GFP expression. The construct was made by replacing the lacZ reporter gene in 'construct 8' (Thiel et al., 1998) with GFP sequences. This construct is based on pGZ40 vector (Yee and Rigby, 1993) in which a 1.6 kB r3/r5 enhancer of EphA4 drives reporter gene expression from a h-globin promoter. Transgenesis was revealed by PCR from tail DNA and by visualizing GFP in embryos of offspring from transgenic founder mice.
Mouse embryo surgery E8 EphA4-GFP mouse embryos were freshly dissected free of the uterus and yolk sac in DMEM. Finely drawn glass needles were used to unilaterally remove r3 on the left side and a fluorescence dissecting microscope was used to confirm the clean removal of GFP-expressing r3. Operated and unoperated control embryos were then loaded into agarose culture chambers.
Mouse embryo culture
Agarose culture chambers were prepared in a mould formed by pressing a 2-cm cut section of a 10-ml plastic pipette (Costar) into dental wax to produce a hollow cylinder with a sealed base. Within each pipette cylinder, two 1.5-mm-diameter glass capillary tubes were pressed into the wax, equidistant from each other and the wall of the pipette. Low gelling temperature agarose (A-9045, Sigma) was dissolved in DMEM-F12-Glutamax (31331-028, Gibco) at 60jC for 5 min to yield a 1.5% agarose solution, and 2 ml of this was poured into each pipette section and allowed to solidify at room temperature under sterile conditions. The glass capillaries and pipette cylinders were carefully removed from the wax base, and the solidified cylindrical agarose blocks, each with two hollow channels running through them, were extruded into a petri dish containing incubation medium: 75% heat-inactivated rat serum in DMEM-F12-Glutamax containing 1:100 penicillin/streptomycin (P0781, Sigma). Each channel of an agarose block was carefully loaded under culture medium with up to three operated E8 mouse embryos. Thin strips of aluminum foil (about 1-mm-wide) were pushed through the agarose blocks so as to create compartments, each containing a single embryo, and to seal off the ends of the agarose blocks to prevent embryos from falling out ( Fig.  2A ). Agarose culture chambers were then placed singly into glass culture bottles containing 2.5 ml of incubation medium and the embryos were incubated for 18 h in a roller culture apparatus (BTC Precision Engineering, Cambridge) at 37jC in a 5% oxygen, 95% air mixture. Viability of cultured embryos was assessed by overall gross anatomy, presence of a strong heartbeat, and GFP expression. Embryos fulfilling these criteria were fixed in 4% paraformaldehyde in PBS (PFA) and then processed for mSox10 in situ hybridization.
Avian embryo surgery
Fertilized hens' eggs were obtained from Winter Egg Farm, Hertfordshire. Fertilized quails' eggs were obtained from Birkbeck College, London. Eggs were incubated at 38 F 1jC until embryos had between 7 and 10 pairs of somites (ss) and were windowed to expose the embryos (Mason, 1999) . Finely drawn glass needles were used for surgery.
For rhombomere grafting, r1, r3, and r5 were removed from donor chick embryos and incubated separately for 5 min at room temperature with CM-DiI (C-7000, Molecular Probes; 250 mg/ml in Tyrode's solution containing 5% ethanol, 5% sucrose, and 25% fetal calf serum). Labeled rhombomeres were washed with Tyrode's solution and bisected longitudinally into half-rhombomere segments. In host chick embryos, dorsal r4 was unilaterally labeled on the left side by injection of DiO (D-275, Molecular Probes; 3 mg/ml in dimethylformamide) and then r3 was unilaterally removed on the left side and replaced with a donor CM-DiI-labeled half-rhombomere. Similar surgery was performed on quail embryos, but the engrafted rhombomeres were not dye-labeled and donor r4 was instead labeled with DiI (D-282, Molecular Probes; 3 mg/ml in dimethylformamide).
For unilateral chick r5 surface ectoderm ablation, a rectangle was cut superficially into the surface ectoderm on the left side, which was then carefully peeled off. The incisions extended from the dorsal midline laterally through 90j, while along the A -P axis, they extended into the neighboring r4 and r6 surface ectoderm by up to half a segment.
After surgery, eggs were resealed and returned to the incubator for 8 -20 h.
Chick embryo electroporations
Dominant-negative (DN) human erbB4 (DN-HER4) cDNA was prepared from HER4 JM-b cDNA (Elenius et al., 1997 ) (a gift of Gabriel Corfas), subcloned into the XhoI site of chick-optimized pCAGGS expression vector (a gift of Jun-ichi Miyazaki, Kumamoto Japan). The DN-HER4 construct encodes a fusion protein of HER4 (truncated at serine 726 and thus lacking the intracellular kinase domain) plus a C-terminal FLAG peptide. To maximize expression, DN-HER4 cDNA was electroporated into entire r3, isolated from 8 ss embryos, placed between 0.25 mm diameter parallel silver electrodes (2-mm separation) in 200Al of DN-HER4 cDNA (2.5 mg/ml in water), and subjected to three 20-ms 30 V pulses in different orientations to evenly distribute the cDNA. Immediately after electroporation, entire r3 was replaced in vivo.
CMV-mafB cDNA (9 mg/ml, Michael Sieweke, Marseilles) or RCAS-cHoxb1 retrovirus (0.8 mg/ml, Andrew Lumsden and Jonathan Gilthorpe, King's College London) were electroporated into 4-7 ss chick r3 in ovo (14 embryos each) by injecting into the lumen of the hindbrain neural tube and electroporating into r3 using locally applied flamesharpened 0.5-mm-diameter tungsten anode and 0.25-mmdiameter silver cathode electrodes (four pulses of 10 V, 20-ms pulse width). Eggs were resealed and incubated for a further 20 h before fixing in PFA and subsequent processing for in situ hybridization.
Immunoprecipitation Western blots DN-HER4 cDNA or pCAGGS cDNA were electroporated into r3 of 9 ss chick embryos (15 embryos per construct) and allowed to incubate for 40 h. Electroporated r3s were isolated, pooled, and homogenized on ice in 100-Al NP40 lysis buffer: 2% NP-40, 20 mM EDTA, 400 mM Tris (pH 7.5), containing a cocktail of protease inhibitors (Roche, 1697498). Homogenates were incubated on ice for 30 min and then centrifuged at 4000 Â g for 10 min. Equivalent protein concentrations of 100-Al supernatant were incubated for 1 h with anti-HER4 extracellular domain monoclonal antibody (clone H4.77.16, NeoMarkers; 1:50), then 50-Al protein G-sepharose (10% suspension in NP40 lysis buffer, Sigma) was added and incubated overnight at 4jC. The protein G-sepharose was washed with 4 Â 5-min changes of 500-Al NP40 lysis buffer and resuspended in 20-Al SDS-PAGE loading buffer, boiled for 3 min and loaded onto a 7.5% SDS-PAGE gel. Proteins were transferred to PVDF membrane and probed with either anti-FLAG biotinylated M2 monoclonal antibody (F9291; Sigma) according to the manufacturers' instructions or with anti-phosphotyrosine monoclonal antibody (clone PT-66; Sigma; 1:2000), followed by ABC amplification (Vector). Western blots were developed with ECL detection reagent and Hyperfilm-ECL (Amersham).
In some chick embryo experiments, we used co-immunoprecipitation Western blotting to confirm that electroporated DN-HER4 gene product is associated with endogenous erbB4. These experiments were conducted as described above, except cDNA was electroporated into the entire hindbrain/isthmus and immunoprecipitations initially used anti-FLAG antibody with subsequent incubation with avidin-sepharose (Sigma) and detection of chick erbB4 on blots using rabbit anti-HER4 C-terminal specific antibody (a domain absent from DN-HER4, but present in endogenous chick erbB4) (RB-9045, NeoMarkers; 1:50), followed by peroxidase-conjugated anti-rabbit antibody (Dako; 1:3000) and ECL visualization.
In situ hybridization
For avian and mouse embryos, whole-mount in situ hybridizations were performed according to Grove et al. (1998) using 5 Ag/ml digoxigenin-labeled or FITC-labeled riboprobe, hybridized overnight at 70jC. Mouse-specific mSox10 cDNA was a gift of Michael Wegner. Chickspecific cSox10 cDNA was a gift of Paul Scotting and Yi-Chuan Cheng. HER4 cDNA was a gift of Gabriel Corfas. cHoxb1 cDNA was a gift of Robb Krumlauf, and mafB cDNA was produced by Michael Sieweke and was a gift of Anthony Graham. QSulf1 cDNA was a gift of Charles Emerson Jr. and Xingbin Ai. Chick cErbB4 cDNA was as described previously (Dixon and Lumsden, 1999) .
Immunohistochemistry
Whole-mount immunohistochemistry (Lumsden and Keynes, 1989 ) was performed using anti-HNK1 primary antibody (clone VC1.1; C0678, Sigma; 1:100), HRP-conjugated anti-mouse Ig secondary antibody (Amersham; 1:300), and developed with DAB chromogen.
Results
Loss of erbB4 function in chick r3 results in altered NCC migration
To test whether erbB4 exerts a similar NCC migration patterning function in chick r3 to that which it does in mouse r3, we employed a dominant-negative (DN) strategy using a truncated version of human erbB4 (HER4) to interfere with endogenous erbB4 signaling in chick hindbrain. In order to maximize DN-HER4 expression, we excised and electroporated entire r3 in vitro and then replaced it in ovo. After 20 h, double HER4/cSox10 in situ hybridization confirmed DN-HER4 mRNA expression bilaterally throughout entire r3 and revealed bilateral aberrant cSox10-expressing NCC migration into dorsolateral r3 mesenchyme in 16/26 embryos (Fig. 1A) , compared with 6/20 embryos for r3 removal -electroporation -replacement using pCAGGS vector, and 3/12 embryos for r3 removal -replacement without electroporation. The phenotype of the DN-HER4-induced altered NCC migration resembled that seen following chick r3 removal (Golding et al., 2002) . Western blotting with anti-FLAG antibody confirmed the neuroepithelial expression of DN-HER4-FLAG fusion protein following electroporation (Fig. 1B, left pair) . When expressed in neuroepithelial tissue, DN-HER4-FLAG protein associated with endogenous chick erbB4, as revealed by co-immunoprecipitation (Fig. 1B, center pair) , whilst antiphosphotyrosine antibody confirmed a dominant-negative reduction in the phosphorylation (activation) of endogenous chick erbB4 to below detection limits in the presence of DN-HER4 (Fig. 1B, right pair) . Thus, in both mouse and chick, erbB4 signaling within r3 is required to maintain a dorsolateral NCC-free zone in the adjacent cranial mesenchyme. More ventral regions of r3-adjacent mesenchyme are maintained NCC-free by erbB4-independent and r3-independent mechanisms.
Removal of mouse r3 produces an NCC migration defect similar to erbB4 knockouts
The NCC-free zone in mouse r3 mesenchyme is maintained, at least in part, by erbB4 expressed within neighboring r3 (Golding et al., 2000) . Mice lacking erbB4 exhibit aberrant migration of r4 NCC into dorsolateral r3 mesenchyme. However, it remained unclear whether this was the full extent of r3 involvement in patterning NCC migration or whether additional r3-dependent cues prevent wholesale migration of NCC throughout the entire dorsoventral extent of r3 mesenchyme. To investigate this possibility, we ablated mouse r3 unilaterally at E8 and maintained the embryos in purpose-built agarose culture chambers for 18 h ( Fig. 2A) . Because the embryos express GFP reporter under the control of EphA4 (expressed in r3 and r5 at E8), this allowed confirmation of r3 removal during surgery (Fig.  2B ) and demonstrated the continued absence of tissue with an r3-like identity at the end of the culture period (Fig. 2C) . We found that by 6 h after r3 removal, the wound had Fig. 1 . Inhibiting erbB4 signaling in chick r3 leads to aberrant NCC migration. (A) Dominant-negative (DN) HER4-FLAG fusion protein was expressed throughout r3, and 20 h later, double in situ hybridization confirmed continued expression of DN-HER4 mRNA in r3 (red) and aberrant migration of cSox10 expressing NCC (blue) bilaterally into r3 mesenchyme (arrows). (B) Western blotting using anti-FLAG (a-FLAG) confirmed expression of DN-HER4-FLAG fusion protein in DN electroporated neuroepithelial tissue (left blot, red arrowhead), but not in control electroporated embryos (cont). Anti-FLAG immunoprecipitation followed by Western blotting using anti-C-terminal erbB4 (a-erbB4) demonstrated co-immunoprecipitation of chick erbB4 in DN electroporated neuroepithelial tissue, but not in control electroporated tissue (center blot, green arrowhead). Western blotting using anti-phosphotyrosine (a-TyrP) demonstrated a reduction in erbB4 phosphorylation (right blot, blue arrowhead) in DN-electroporated neuroepithelial tissue, but not in control electroporated embryos (cont).
become infilled with cells of a mesenchymal appearance (Fig. 2D) , and after 18 h, the wound had healed with no obvious foreshortening of the A -P axis (Fig. 2E) . Subsequent processing of cultured embryos for mSox10 in situ hybridization revealed aberrant migration of NCC (28/32 embryos) dorsolaterally into mesenchyme adjacent to the removed r3 (r3*) (Figs. 2F -H , arrow in G), similar to the NCC phenotype seen in erbB4 knockout mouse embryos (Golding et al., 2000) . Thus, although the entire dorsoventral extent of r3-adjacent mesenchyme is normally maintained NCC-free, the influence of r3 in maintaining this NCC-free zone is restricted to a dorsolateral domain, implying that r3-independent factors prevent NCC migration into more ventral regions of r3-adjacent mesenchyme.
Replacing r3 with r1 or r5 fails to maintain the NCC-free zone within chick r3 mesenchyme
In the chick, erbB4 is expressed in r1, r3, and r5 during the period of cranial NCC migration (Dixon and Lumsden, 1999) . If erbB4 expression were the only determinant in maintaining the NCC-free zone in r3 mesenchyme, then grafting of either r1 or r5 into the r3 position might be expected to compensate for the loss of r3 and yield no NCC migration defect. However, this proved not to be the case. Heterotopic grafts of r1 to r3 revealed aberrant NCC migration into r3 mesenchyme in 10/12 embryos by 8-h post-surgery (not shown). A more detailed dye-tracing analysis, following cell migrations after 20 h (Figs. 3A -G), revealed aberrant rostral migration of DiO-labeled host r4 NCC (arrowhead in Fig. 3B ) and some lateral migration of engrafted DiI-labeled r1 NCC into r3 mesenchyme (12/ 14 embryos). Similarly, grafts of r5 to r3 revealed aberrant NCC migration within 8 h (in 7/10 embryos) and, by 20 h, aberrant migrations of host r4 NCC and some donor r5 NCC into r3 mesenchyme (Figs. 3H -N , arrowhead in I) (23/30 embryos). By contrast, homotopic grafts of r3 to r3 did not normally show aberrant NCC migration. Thus, after 8 h, aberrant migration was seen in only 1/12 embryos, whilst by 20 h, only 2/26 embryos demonstrated aberrant migration of host DiO-labeled r4 NCC or engrafted DiI-labeled r3 NCC into r3 mesenchyme (Figs. 3O -R). Engrafted r1 (Figs. 3F, G) or r5 (Figs. 3M, N ) maintained erbB4 expression after 20 h in the r3 position. Moreover, in every case, NCC migrating aberrantly into r3 mesenchyme did so dorsolaterally (Figs. 3E, L) , resembling the phenotype of r3 removal or DN-HER4 expression. These data illustrate that r1 and r5 are insufficient to maintain an NCC-free zone in r3 mesenchyme.
However, r3 by itself was found to be insufficient to prevent NCC migration in experiments where a portion of donor r3 was unilaterally grafted into the center of host 
(D -E) Analysis of the wound closure revealed a rapid infiltration of mesenchymal-like cells within 6 h (D) and wound healing with no obvious foreshortening of the A -P axis after 18 h (E). Dotted lines delineate the A -P extent of the operated r3* region. (F -H) mSox10 in situ hybridization 18 h after unilateral r3 removal reveals aberrant NCC migration into cranial mesenchyme adjacent to r3* (arrow in G)
. Same embryo viewed (F) dorsally, (G) operated side, and (H) contralateral unoperated side. OV, otic vesicle. Fig. 3 . r1 and r5 do not provide NCC patterning cues to r3 mesenchyme. r1, r3, and r5 were removed from donor 10 ss chick embryos, labeled with DiI (red dye) and unilaterally grafted in place of r3 in host 10 ss chick embryos. Host pre-migratory r4 NCCs were labeled by focal injection of DiO (green dye) and the embryos were incubated for 20 h. For each condition, the same embryo is shown under phase illumination (A, H, O), fluorescence illumination (B, C; I, J; P, Q), and after processing for whole-mount cSox10 in situ hybridization (D, K, R). Transverse sections through r3 in different embryos are shown in E and L (L is an oblique section that also contains caudal parts of the trigeminal ganglia). Grafts of r1-to-r3 (A -G) or grafts of r5-to-r3 (H -N) revealed aberrant rostral migration of r4 NCC into r3 mesenchyme (arrowheads in B and I, respectively) and some emigration of donor r1 NCC or r5 NCC laterally directly into r3 mesenchyme. Grafted rhombomeres maintained expression of erbB4 after 20 h in the ectopic r3 location as shown by cErbB4 in situ hybridization (F, G; M, N. F and M are dorsal views, G and N are lateral views of the operated side of the hindbrain). By contrast, grafts of r3-to-r3 (O -R) showed no aberrant host or graft NCC migration. (S) grafts of donor r3 sandwiched between host r4 at 10 ss create a NCC-free zone in the adjacent mesenchyme after 20 h, as shown by cSox10 in situ hybridisation. Dotted lines delineate the boundary between the neural tube and the mesenchyme (white line), and also delineate the rostral and caudal extents of the engrafted rhombomere (blue line). ba1, ba2, branchial arches 1 and 2; grafted rhombomeres numbered in red. r4 at 10 ss and embryos allowed to develop for a further 20 h. In these (6) embryos, no NCC-free zone was formed in cranial mesenchyme adjacent to the sandwiched r3, which instead appeared to integrate with the host r4 and contribute NCC to the r4 stream (Fig. 3S) . Thus, most likely combinatorial cues, resulting from the correct registration between r3 neuroepithelium and its adjacent mesenchyme/surface ectoderm, are required to maintain the NCC-free zone.
Attempts to modify the molecular identity of r3 by earlystage electroporations of transcription factors responsible for specifying segment identity in r4 (Hoxb1, Studer et al., 1996) or r5/6 (valentino/kreisler, Manzanares et al., 1999; Moens et al., 1996) resulted in strong ectopic cHoxb1 or mafB gene expression in r3 but did not produce any alterations in NCC migration (not shown). This suggests that essential aspects of r3 identity are irreversibly established by 4 ss.
Importance of r5 surface ectoderm in restricting NCC migration
When chick r5 was grafted to r3, it failed to maintain an NCC-free zone in the adjacent r3 mesenchyme, except in rare cases where r4 NCC was confronted by an ectopic otic vesicle in r3 mesenchyme. This suggested that it might be the otic vesicle or otic surface ectoderm, but not necessarily r5, which normally maintains an NCC-free zone in r5-adjacent mesenchyme. To test this, r5 was unilaterally removed at 7 ss (12 embryos). After 20 h, embryos were processed for cSox10 in situ hybridization (Figs. 4A, B) or HNK-1 immunohistochemistry (Fig. 4C) . In either wholemount (Fig. 4A ) or transverse sections at the level of the otic vesicle (Figs. 4B, C) , no aberrant NCC migration into r5* mesenchyme was detected.
These data indicate that r5 is relatively unimportant for maintaining the NCC-free zone in r5-adjacent mesenchyme and instead implicate the otic vesicle or otic surface ectoderm in patterning NCC migration at this level of the hindbrain. Further analysis implicates the surface ectoderm in this role. Thus, in many cases following r5 removal, the otic vesicle was reduced in size on the operated side of embryos, such that a clear path was opened up through r5* mesenchyme for any prospective cell migration (Fig. 4C) , although no such aberrant NCC migration was seen. By contrast, in cases where r5 plus the overlying surface ectoderm were removed, the otic vesicle was similarly reduced in size or displaced, but aberrant migration of NCC into r5* mesenchyme occurred in 9/13 embryos (arrow in Fig. 4D ). This indicates a key role for the surface ectoderm, and in agreement with this, in embryos where r5 surface ectoderm alone was removed, aberrant NCC migration into r5 mesenchyme was seen in 8/14 embryos (Figs.  4E, F, arrowed) . Interestingly, in these cases, aberrantly migrating NCC was detected in r5 mesenchyme ventral to the otic vesicle, not lateral to r5. Control experiments in which r5 surface ectoderm was removed and replaced produced no aberrant NCC migration (10 embryos, not shown).
Thus, the maintenance of a crest-free zone in r5 mesenchyme does not correlate well with the presence of r5 or the otic vesicle, but does depend on the surface ectoderm. This bears a similarity to the situation at the level of r3, where the surface ectoderm is a crucial component of the mechanism excluding NCC from r3-adjacent mesenchyme (Golding et al., 2002) . However, unlike the situation at the level of r5, r3 neuroepithelium is as equally competent as r3 surface ectoderm to maintain r3 mesenchyme NCC-free. 
Cranial surface ectoderm is patterned molecularly
Our data indicate a role for surface ectoderm in patterning NCC migration. As part of a study that identified novel developmentally expressed genes in the chick hindbrain (Christiansen et al., 2001) , one partial cDNA was identified (2339 nucleotides, originally denoted IL-10 and which we rename here as CSulf1: Genbank submission AY313954) that demonstrated expression outside of the neural tube, within r3 surface ectoderm. Sequence comparisons revealed this to have similarities with human Sulf1 (Genbank AF545571 and NM015170.1) and to be the 3V orthologue of quail Sulf1 (QSulf1, Genbank AF410802), a sonic hedgehog inducible heparan sulfate proteoglycan (HSPG) sulfatase, expressed by trunk myotome that has been shown to play a crucial role in modulating Wnt bioavailability and signaling in the developing paraxial musculature (Dhoot et al., 2001) (Fig. 5A) . The expression of QSulf1 in the developing head has not been reported, and we show here that in quail embryos, QSulf1 is expressed within r2/3 surface ectoderm and within surface ectoderm overlying the most caudal part of the otic vesicle by 12 ss (Figs. 5B -E) (this pattern of expression can be first detected at 9 ss, not shown). Weaker expression is also seen throughout the notochord and in the floor-plate of r2 and r4 (r2/3 shown in Fig. 5D ). The surface ectoderm expression is transient and is lost by 25 ss, whilst the r2 expression domain shifts to r1 and the isthmus by 25 ss (Fig. 5F ).
CSulf1 is expressed in chick embryo r2/3 surface ectoderm with a similar temporal expression to that of QSulf1 in quail (Figs. 5G -I ). Hindbrain neuroepithelial and notochord expression of CSulf1 were not detected in 12 ss embryos, but expression in ventral r1 and r4 was detected by 20 ss, whilst surface ectoderm expression was much reduced (Fig. 5I) .
These data provide the first clear evidence of molecular patterning in the cranial surface ectoderm. Intriguingly, surgical interventions at the level of r3 that lead to aberrant r4 NCC migration resulted in elevated QSulf1 mRNA on the operated side. Thus, when r3 was unilaterally removed in 10 ss quail embryos, QSulf1 expression became more sharply focused to a stripe in r2 ectoderm within 8 h (Fig. 5J) .
Similarly, in 10 ss quail embryos, when r3 was unilaterally replaced by r5 for 8 h, r4 NCC migrated into r3 mesenchyme (Fig. 5K ) and this coincided with elevated and more focused QSulf1 expression in r2/3 ectoderm (arrows in Fig.  5L ). By contrast, unilateral homotopic r3-to-r3 grafts did not lead to aberrant r4 NCC migration (Fig. 5M) or any changes in QSulf1 expression after 8 h (Fig. 5N ).
Discussion
Although a wealth of information exists concerning the cellular interactions and molecules that regulate cell migration and segmental patterning within the hindbrain neuroepithelium, relatively little information exists on the mechanisms and molecules that pattern the migration of neuroepithelial-derived NCC as they leave the neuroepithelium and enter the adjacent cranial mesenchyme . Current evidence suggests that repulsive cues maintain cranial NCC segregation within the mesenchyme. Thus, at the level of r3, we have previously shown that neuroepithelium in the chick (Golding et al., 2002) and erbB4 in the mouse (Golding et al., 2000) are required to maintain the NCC-free zone. In the present study, we use the converse experiments to demonstrate evolutionary conservation of this patterning mechanism in which erbB4 signaling is a required component for the NCC patterning activity provided by r3, but not that of r1 or r5.
Our data indicate that distinct NCC patterning mechanisms exist at the levels of r3 and r5. At r5 levels, the neuroepithelium appears to be redundant for maintaining the NCC-free zone (certainly by 7 ss), whilst the presence of surface ectoderm is of prime importance. At r3 levels, the NCC-free zone is maintained by cooperative signaling between r3 neuroepithelium and the overlying surface ectoderm (Golding et al., 2002) , which we show here to be molecularly distinct from r4 surface ectoderm. Our results fit well with a previous study that analyzed NCC migration pathways in chick embryos following rhombomere or mesenchyme/surface ectoderm A -P rotations, in which the normal registration between r3 and r3 surface ectoderm was lost (Sechrist et al., 1994) . Those experiments found that following r3 -r4 rotation, r3 NCC emigrated laterally into r4 mesenchyme, whilst r4 NCC migrated laterally into r3 mesenchyme and then caudally through r4 mesenchyme toward the second branchial arch. When r3-r4 mesenchyme/surface ectoderm was rotated A -P, r4 NCC emigrated laterally into r3 mesenchyme. These authors also investigated NCC migration following r5 -r6 A -P rotation and found that r5 NCC emigrated laterally into r6 mesenchyme, but r6 NCC did not exit laterally into r5 mesenchyme, in agreement with our observations that r5 surface ectoderm, but not r5 itself is important for maintaining the NCC-free zone in r5 mesenchyme.
Our observations of Sulf-1 expression in quail and chick provide the first evidence that r2/3 surface ectoderm is molecularly distinct from r4/5 surface ectoderm. It remains to be determined whether other molecules are also regionally expressed within cranial surface ectoderm and whether Sulf-1 plays any role in defining or maintaining the r3/r3 surface ectoderm-dependent NCC-free zone. However, the activity of QSulf1 as a proteoglycan sulfatase (Dhoot et al., 2001 ) is intriguing in the light of our evidence that a proteoglycan sulfate-binding activity excludes growing axons from r3 mesenchyme in mouse embryos (Golding et al., 1999) . It is not yet known whether this axon repulsive activity similarly affects NCC migration.
In addition to demonstrating the existence of distinct cues regulating NCC segregation along the A -P axis of the hindbrain, we also show that separate patterning mechanisms maintain the r3-adjacent NCC-free zone along its D -V axis. Thus, r3 neuroepithelium/surface ectoderm/erbB4 signals only maintain the NCC-free zone dorsolaterally and another uncharacterized mechanism maintains NCC segregation at ventral levels of r3-adjacent mesenchyme. We demonstrated previously (Golding et al., 2002 ) that following r3 removal in chick embryos there was an exchange of r2 NCC and r4 NCC into the cranial ganglia at dorsal levels, via the r3-adjacent NCC bridge. In that study, NCC were not detected more ventrally in the mesenchyme between the branchial arches, although r4-derived NCC could be found ectopically in ba1; probably because r4 NCC are intrinsically better able to enter r3-adjacent mesenchyme following r3 removal (Golding et al., 2002) . Perhaps, once the dorsolateral cues have established segregation of the NCC streams, repulsive cues may no longer be required at more ventral levels and instead chemoattraction toward branchial arch targets (Bell et al., 1999; Jacob and Guthrie, 2000; Rijli et al., 1998) , or the tendency of NCC to migrate in contiguous chains (Kulesa and Fraser, 1998) , might prevent individual NCC from straying out of a stream. It would be informative to test this hypothesis by performing r3 ablations in the absence of the branchial arches.
It seems logical to assume that the A -P segmentation of cranial mesenchyme into NCC-free and NCC-permissive regions is regulated in some fundamental way by regional cues from the underlying segmented neuroepithelium. However, if this is the case, then these neuroepithelial-derived cues must be unaffected by single or double mutations in genes encoding transcription factors at the very top of the molecular hierarchy controlling rhombomere identity, since our failure to affect NCC migration patterns by mis-expressing ''classical'' rhombomere segment identity markers is in keeping with previous studies. Thus, analysis of Hox loss-of-function mutants (Barrow et al., 2000; Carpenter et al., 1993; Gavalas et al., 1997; Studer et al., 1996) produces defects in the organization of the hindbrain but (where examined) not in the segregation of NCC streams (Barrow et al., 2000; Gavalas et al., 1997) (but see Bell et al., 1999 , where unilateral hindbrain misexpression of Hox-b1 led to axon mis-routing, apparently into r3 mesenchyme). Similarly, and in agreement with our results in the chick, mice expressing kreisler (mafB) ectopically in r3 under the EphA4 enhancer (Theil et al., 2002) show no NCC migration abnormalities (Paul Trainor, personal communication) . By contrast, the more widespread and less well-characterized molecular changes induced by retinoic acid administration do produce defects in NCC migration and axon pathfinding into r3 mesenchyme (Gale et al., 1996; Nittenberg et al., 1997) .
NCCs express neuropilin receptors for cognate ligands of the semaphorin/collapsin family of molecules, and in vitro studies have shown that collapsin-1 acts as a secreted chemorepellent for NCC (Eickholt et al., 1999) . Collapsin-1 is expressed around the exit points of cranial nerves in the developing chick hindbrain (Kobayashi et al., 1997; Shepherd et al., 1996) . However, although Semaphorin3A and neuropilin-1 knockout mice do show a more spread distribution of cranial nerves (Kobayashi et al., 1997; Ulupinar et al., 1999) , no defects have been reported in trunk NCC migration (Kawasaki et al., 2002) or cranial NCC migration.
To date, the most promising candidate molecules directly involved in patterning cranial NCC migration are members of the Eph/ephrin family (Wilkinson, 2000; Xu et al., 2000) . Ephrin-B2 is concentrated in several cranial regions (although not r3-adjacent mesenchyme) that are avoided by NCCs bearing the cognate receptors EphB1, EphB3, and EphA4 (Adams et al., 2001 ). Disruption of ephrin-B2 signaling in mouse and Xenopus results in aberrant NCC migration and the mixing of NCC streams, but only at the level of the branchial pouches (Adams et al., 2001; Smith et al., 1997) and not more dorsally in the regions that we show are controlled in chick and mouse by r3/r3 surface ectoderm/erbB4. However, even though Eph/ephrins may not be involved in excluding NCC from r3 mesenchyme, they might be involved in the aberrant migration of NCC ventrally around the otic vesicle following r5 plus r5 surface ectoderm removal, since ephrinB2 is present within the surface ectoderm at this level (Adams et al., 2001) . Furthermore, unexplored links may yet exist between the Eph/ ephrin family and the erbB family. It is interesting to note that ephrin B ligands, their Eph receptors, erbB2, and erbB4 all contain C-terminal motifs for binding PDZ domaincontaining proteins (Borg et al., 2000; Garcia et al., 2000; Lin et al., 1999; Torres et al., 1998) . Therefore, depending upon the distribution of bridging PDZ-proteins, this could foster regionally specific interactions between these signaling pathways.
In conclusion, our findings reveal that rather than a single, segmentally repeated mechanism; complex, A -P level-specific cues are responsible for patterning the migration of NCC within the developing vertebrate head.
